Background: Voltage-gated K ϩ channels are generally known to be located in the plasma membrane. Results: Kv1.3 in the nucleus regulates nuclear membrane potential and activates transcription factors. Conclusion: Kv1.3 is a functional channel at the nucleus. Significance: This study provides novel insight about functional nuclear Kv1.3 and expands our knowledge about the function of ion channels within the nucleus.
nucleus has not been previously reported. In the present study, we investigated the localization and the functional roles of Kv1.3 channels in the nuclei of human cancer cells. The results show that functional Kv1.3 channels are expressed in the nucleus and are involved in the activation of specific transcription factors following the inhibition of their transport activity.
EXPERIMENTAL PROCEDURES
Cell Culture-A549 (lung adenocarcinoma cell), SNU-484 (gastric adenocarcinoma cell), and Jurkat (T-cell lymphoblastlike cell) cells were maintained with RPMI 1640 medium (Welgene) containing 10% fetal bovine serum (Welgene) and 1% antibiotic-antimycotic solution (Sigma-Aldrich). MCF-7 (breast adenocarcinoma cell) cells were cultured in DMEM.
Subcellular Fractionation-Cells were fractionated, using a Qproteome cell compartment kit (Qiagen), into cytosol, membrane, and nuclear protein. The cells suspended in extraction buffer CE1 were incubated at 4°C for 10 min and centrifuged at 1000 ϫ g for 10 min at 4°C. Supernatant was then transferred into a new microcentrifuge tube (cytosolic fraction). Extraction buffer CE2 was added to the pellets and incubated at 4°C for 30 min. The extracts were centrifuged at 6000 ϫ g for 10 min at 4°C, and the supernatant was transferred into a new microcentrifuge tube (membrane fraction). To protect the nuclear fraction, 700 units of nuclease were added to the pellet and incubated for 15 min at room temperature. Extraction buffer CE3 was added to the pellets and incubated at 4°C for 10 min. The extracts were centrifuged at 6800 ϫ g for 10 min at 4°C, and the supernatant was transferred into a new microcentrifuge tube (nuclear fraction). Finally, all protein fractions were incubated in ice-cold acetone for 15 min on ice and centrifuged at 12,000 ϫ g for 10 min. The equal protein concentrations of subcellular extracts were resolved in 1ϫ sample buffer to load samples into gels for Western blot analysis.
Nuclear Membrane Purification-The nuclear membrane of A549 cells was isolated by previously reported methods (22, 23) . A549 cells were suspended in 4 ml of hypotonic solution containing 10 mM KCl, 1.5 mM MgCl 2 , 10 mM HEPES-free acid, and 0.5 mM D,L-dithiothreitol (pH 7.9) for 10 min on ice. The swollen cells were spun at 400 ϫ g for 10 min at 4°C and resuspended in 4 ml of hypotonic solution. The cells were homogenized with 10 strokes of a round glass pestle in a Dounce homogenizer (Wheaton, Millville, NJ). After centrifugation, the deposited nuclei were washed until the supernatant was clear. The nuclei were incubated in nuclear suspension medium containing 250 mM sucrose, 5 mM MgCl 2 , and 50 mM Tris-Cl (pH 7.4), followed by homogenization with three strokes in a Dounce homogenizer. After adding DNase I and RNase (250 g/ml), the nuclei were incubated for 1 h at 4°C. They were spun at 1000 ϫ g and 4°C for 10 min and resuspended in incubation buffer containing 0.2 mM MgCl 2 and 10 mM Tris-Cl (pH 7.4) for 15 min at 4°C, followed by adding high NaCl buffer containing 2000 mM NaCl, 0.2 mM MgCl 2 , 10 mM Tris-Cl (pH 7.4), and 2-mercaptoethanol (1%). The nuclear membrane was harvested by centrifugation at 1600 ϫ g and 4°C for 30 min.
Measurement of Nuclear Membrane Potential by Flow Cytometry-The isolation of the nucleus was performed using the Nuclei Pure Prep nuclei isolation kit (Sigma-Aldrich). Intra-cellular solution containing 125 mM KCl, 2 mM K 2 PO 4 , 40 mM HEPES, 0.1 mM MgCl 2 , (pH 7.2), 100 nM Ca 2ϩ with 10.2 mM EGTA, and 1.65 mM CaCl 2 was added to the isolated nuclei. The nuclei were treated with 1 nM of MgTX (Alomon Labs) or 1 M of ionomycin (Sigma-Aldrich) for 10 min and then stained with 200 nM of 3,3Ј-dihexyloxacarbocyanine iodide (DiOC 6 (3)) (Molecular Probes) at room temperature for 10 min to measure changes of nuclear membrane potential (12, 24, 25) . The intensity of DiOC 6 (3) fluorescence signal was measured using BD FACSCalibur TM (BD Bioscience) and analyzed by BD Cell-Quest TM Pro software.
To deplete the potassium concentration in the isolated nucleus, the nuclei were incubated in 0 mM [K ϩ ] solution containing 125 mM NMDG-Cl, 2 mM K 2 PO 4 , 40 mM HEPES, 0.1 mM MgCl 2 (pH 7.2), 100 nM Ca 2ϩ with 10.2 mM EGTA, and 1.65 mM CaCl 2 for 30 min. The nuclei were changed to extranuclear [K ϩ ] solutions (0, 30, 60, or 125 mM) adding 1 nM of MgTX for 5 min and then treated with DiOC 6 (3) at room temperature for 10 min. For the experiments to examine the effects of blockade of Sp1 expression, A549 cells were treated with 200 nM of mithramycin A to decrease Sp1 proteins for 24 h. The purified nuclei from A549 cells were suspended in intracellular solution and treated with 1 nM of MgTX for 10 min. After the nuclei were stained with DiOC 6 (3), fluorescence signal was measured using BD ACCURI TM C6 (BD Bioscience).
Western Blot Analysis-The isolated nuclei of A549 cells were incubated in intracellular solution supplemented with 1 nM MgTX at room temperature for 10 min to detect the phosphorylation of CREB (pCREB) and CREB. In addition to nuclei, pCREB and c-Fos were measured using A549 cells treated with 10 nM 5-(4-phenoxybutoxy) psoralen (PAP-1) (Sigma-Aldrich) for 10 and 30 min, respectively. Adult normal brain tissue extracts were purchased from Abcam (ab29456, ab29461), GeneTex (GTX29466), and NOVUS Biologicals (NB820 -89333, NB820 -605700). Tissue extracts were resolved on a 10% polyacrylamide gel and transferred to PVDF membranes. Membranes were probed with Na,K-ATPase (1:1000), ATP5a Transfection and Establishment of Kv1.3 Knockdown Stable Cell Line-Cells were transfected with sure-silencing Kv1.3 shRNA plasmid DNA (SABioscience) using Lipofectamine TM 2000 (Invitrogen). To select transfected cells, cells were grown in medium containing the effective concentration of neomycin (G418; BIOSESANG Inc.).
Co-immunoprecipitation and Mass Spectrometry-Detection of the Kv1.3 protein complex in the nucleus of A549 and MCF-7 cells was performed using the Nuclear Complex Co-IP Kit (Active Motif). Nuclear extracts (400 -500 g) of A549 and MCF-7 cells were incubated with 2 g of Kv1.3 antibody (Alomone Labs) or guinea pig IgG (Santa Cruz Biotechnology) overnight at 4°C. Magnetic beads (Invitrogen) were conjugated with antibody by incu-bating for 1 h at 4°C. The bounded proteins were resolved on a 10% polyacrylamide gel. Bands detected by silver staining were identified using the Hybrid LC-MS/MS System (Applied Biosystems). MS/MS data were analyzed using a SEQUEST search. Furthermore, a loaded gel was transferred, blocked, and incubated with anti-Kv1.3 (1:500) (Alomone Labs) or anti-UBF1 (1:1000) (Abcam) for Western blot analysis.
Chromatin Immunoprecipitation-A ChIP-IT Express Enzymatic kit (Active Motif) was used to perform ChIP using A549 cells. Immunoprecipitation was performed with 2 g of anti-Sp1 or rabbit IgG (Santa Cruz Biotechnology) at 4°C for 4 h. The collected DNA was analyzed using RT-PCR with Kv1.3 promoter specific-primers. The sequences of primers were: Kv1.3 promoter (Ϫ910/Ϫ728) forward, 5Ј-AAC AAC TAG AGC GCT GCA AA-3Ј, and reverse, 5Ј-GCG GGG AAA TAA GAG GAA AA-3Ј; Kv1.3 promoter (Ϫ542/Ϫ325) forward, 5Ј-CCA TCA GCA CCC ATT ACT CC-3Ј, and reverse, 5Ј-TCC ACA CCC CTA GGT ACA GC-3Ј; and Kv1.3 promoter (Ϫ121/ϩ61) forward, 5Ј-ACA ACA TGA GGG CTC TTT CG-3Ј, and reverse, 5Ј-CCT CCT CCC TCC TTC TCG-3Ј.
Transient Transfection of Sp1 siRNA and a Sp1 Inhibitor Mithramycin A-A549 cells were transfected with Sp1 siRNA (Santa Cruz Biotechnology) using Lipofectamine TM 2000 reagent (Invitrogen) or treated with mithramycin A (Sigma-Aldrich) for 24 h.
Chemicals-MgTX, ionomycin, mithramycin A, and PAP-1 were dissolved in distilled water or DMSO. The concentration of the stock solution was 10 M and diluted to the appropriate concentration using PBS or RPMI medium before the experiment.
Statistical Analysis-Statistical significance for the membrane potential experiments was determined using a Wilcoxon signed rank test and unpaired t test. For analysis of Western blot band density, a Mann-Whitney U test was used, and all tests were performed using the SAS program (version 9.1).
RESULTS

Kv1.3 Protein Was Found in the Nucleus of Cancer Cells and
Human Brain Tissues-The subcellular localization of Kv1.3 was determined by Western blot analysis using fractionated protein. To confirm the efficiency of the subcellular fractionation of each cell pellet, ATP5a (a mitochondria membrane marker), GRP78 BiP (an endoplasmic reticulum marker), Na,K-ATPase (a plasma membrane marker), and lamin A (a nuclear marker) antibodies were selected. As shown in Fig. 1 , localization markers were predominantly expressed in their respective fractions; GRP78 BiP, ATP5a, and Na,K-ATPase were strongly detected in the membrane fraction, and lamin A was only associated with the nuclear fraction. Remarkably, Kv1.3 protein expression was detected in the nuclear fraction of MCF-7, A549, and SNU-484 cells and also in the cytosolic fraction of MCF-7 and A549 cells (Fig. 1A) . The specificity of the Kv1.3 antibody was confirmed by using shRNA against Kv1. 3 (19) . To confirm whether this nuclear localization of Kv1.3 is specific for cancer cell lines, we also tested human brain tissues, which are known to express functional Kv1.3 channels. Kv1.3 protein was observed in the nuclear fraction of human brain tissue. The purity of human brain tissue extracts was validated using lamin A and Na,K-ATPase antibodies (Fig. 1B) . . The specificity of the fractionation process was confirmed using specific antibodies including: ATP5a, GRP78 BiP, and Na,K-ATPase, three membrane markers, and lamin A, a marker for the nucleus. Lanes C, cytosol; lanes M, membrane; lanes N, nucleus.
Kv1.3 Protein Was Detected in the Plasma and Mitochondria Membrane in Addition to the Nucleus in Human Jurkat Cells-
It has been previously reported that Kv1.3 channels are expressed in the plasma and mitochondria membrane of human Jurkat cells (10, 26) . Although Kv1.3 protein was found in the nuclear region in cancer cells such as MCF7, A549, and SNU-484 cells and human brain tissues, Kv1.3 in Jurkat cells was detected in both the plasma membrane and nuclear fractions ( Fig. 2 ). According to our fractionation method, proteins from mitochondria and plasma membrane are also found in the membrane fraction. Therefore, the membrane fraction presumably contains Kv1.3 channels that were localized to the mitochondrial and plasma membranes of Jurkat cells (10, 26) . These results suggested the possibility that differential trafficking of Kv1.3 channels to the plasma membrane, mitochondria, and nucleus may be due to the existence of splice variants or chaperone proteins (27, 28) . To address the possibility of alternative splicing, we compared the coding sequence of Kv1.3 (GenBank TM accession number L23499.1) between A549 cells and Jurkat cells. We sequenced the coding region of Kv1.3 isolated from both cells but could not detect any splice variants in either cell lines (data not shown). These results indicate that the Kv1.3 coding sequence does not exclusively determine subcellular localization of the channel in A549 and Jurkat cells.
Selective Kv1.3 Inhibition Induces Nuclear Membrane Hyperpolarization-A Western blot assay indicated that Kv1.3 is found in the nuclear membrane of A549 cells purified with the method by Kaufmann et al. (23) (Fig. 3A) . To test the hypothesis that Kv1.3 affects the nuclear membrane potential, we treated Kv1.3-selective blocker MgTX in the isolated nuclei from A549 cells and measured changes in nuclear membrane potential using DiOC 6 (3) fluorescence by flow cytometry. DiOC 6 (3) is a cationic lipophilic dye that partitions into the nuclear membrane as previously reported by Quesada et al. (12) . When the perinuclear space is relatively more negative, DiOC 6 (3) accumulates in the nuclear envelope, and therefore fluorescence increases. As shown in Fig. 3B (panels a and b) , MgTX (1 nM) increased DiOC 6 (3) fluorescence in isolated nuclei as indicated by a dextral shift of the fluorescence signal, indicating that nuclear membrane was hyperpolarized by a decrease in K ϩ permeability. The Ca 2ϩ ionophore ionomycin (1 M) was used as a control, which provoked a decrease in DiOC 6 (3) fluorescence (left shift), indicating that the nuclear membrane is depolarized. In addition, we confirmed that the MgTX-induced hyperpolarization was due to Kv1.3 channel expression by testing the effects of the toxin in Kv1.3 silenced cells (Fig. 3C, panels a and b) . As shown in Fig. 3C (panel c) , hyperpolarization induced by MgTX was dramatically diminished following Kv1.3 shRNA transfection into A549 cells. To determine how the K ϩ gradient affects nuclear membrane hyperpolarization induced by MgTX, we measured changes in membrane potential while varying the K ϩ concentration gradient across the nuclear membrane. MgTX (1 nM) had little effect on the nuclear membrane potential in 0 mM K ϩ solution. However, when the K ϩ concentration outside the nucleus was increased (to 30, 60, and 125 mM), the effect of MgTX was significantly greater (Fig. 3C, panel d) . This result demonstrates that the effects of MgTX are dependent on the magnitude of the K ϩ gradient across the nuclear membrane.
Inhibitors of Nuclear Kv1.3 Channels Lead to Phosphorylation of CREB and c-Fos Activation-To investigate the roles of Kv1.3 in the nucleus, we examined phosphorylation of the transcription factor CREB in isolated nuclei from A549 cells (Fig.  4A ). The level of phosphorylated CREB was increased by 2.1fold following treatment with 1 nM MgTX. In contrast, CREB total protein levels were similar between control and MgTX treatment conditions. In intact A549 cells, the membrane-permeant Kv1.3 blocker, PAP-1 (10 nM) phosphorylated CREB by 2.2-fold ( Fig. 4B ) and increased c-Fos, an immediate early response transcription factor (Fig. 4C ), but there was no significant difference of CREB total protein level between control and PAP-1 treatment conditions.
Physical Interaction of Nuclear Kv1.3 with Proteins in the Nucleus-To investigate whether nuclear Kv1.3 interacts with other proteins in the nucleus of A549, we purified Kv1.3 channel complexes using liquid chromatography tandem mass spectrometry (LC-MS/MS) and co-immunoprecipitation in the isolated nuclei. As shown in the MS/MS spectrum from A549 cells ( Fig. 5A ) and Western blot image using A549 and MCF-7 cells (Fig. 5B ), the upstream binding factor 1 (UBF1) was co-purified with Kv1.3 using an antibody that selectively binds Kv1.3 protein.
Sp1 Transcription Factor Binds to the Kv1.3 Promoter and Controls Kv1.3 Protein Expression in the Nucleus-The Kv1.3 promoter sequence contains TATA-less and GC-rich regions that are required for specificity protein 1 (Sp1) transcription factor binding (29) . Therefore, we speculated that Sp1 could bind to the Kv1.3 promoter and regulate the expression of Kv1.3 in the nucleus. Through computational analysis using the JASPAR database and TFSEARCH, several potential Sp1 binding sites were found in the human Kv1.3 promoter (accession number 3180). To determine whether Sp1 is bound to the Kv1.3 promoter, we performed a ChIP assay using A549 cells. PCR analysis using primers divided into the three primers in the Kv1.3 promoter showed that one region (Ϫ910/Ϫ728) of the Kv1.3 promoter interacts with Sp1 protein (Fig. 6A) .
To determine whether Sp1 was involved in regulating Kv1.3 expression, mithramycin A, a selective inhibitor of transcription factor binding to the GC-rich promoter, and RNA interference were used to inhibit interaction of Sp1 with the Kv1.3 After subcellular fractionation, a band representing Kv1.3 is shown. The expression of Kv1.3 was detected in the plasma and mitochondria membrane and nuclear fractions. The specificity of the fractionation process was confirmed using specific antibodies including: ATP5a, GRP78 BiP, and Na,K-ATPase, three membrane markers, and lamin A, a marker for the nucleus (n ϭ 4). WB, Western blot; lanes C, cytosol; lanes M, membrane; lanes N, nucleus. promoter. As shown in Fig. 6B (panel a) , reducing Sp1 proteinpromotor interactions using mithramycin A decreased Kv1.3 channel expression compared with control in nuclear extracts. Furthermore, silencing Sp1 mRNA expression by transfection with Sp1-siRNA also reduced Sp1 and Kv1.3 protein expression in nuclear extracts of transfected A549 cells (Fig. 6B, panel b) . Given that Sp1 increases the expression of Kv1.3 in the nucleus and that Kv1.3 blockade hyperpolarized the nuclear membrane potential and increased CREB phosphorylation, we examined whether blocking Sp1 altered CREB phosphorylation and the hyperpolarization of the nuclear membrane induced by Kv1.3 blockers. Sp1 blockade significantly increased CREB phosphorylation, and PAP-1 did not increase the phosphorylation of CREB in the A549 cells treated with mithramycin A (Fig. 6B,  panel c) . Moreover, MgTX treatment did not induce hyperpolarization in purified nuclei from the A549 cells treated with mithramycin A (Fig. 6B, panels d) .
Subcellular Localization of other Kv Channels, Kv1.1, Kv1.2, and Kv2.2 in A549, MCF-7, and SNU-484 Cells-To examine whether nuclear localization of Kv1.3 is a general phenomenon or specific to Kv1.3, the subcellular localization of Kv1.1, Kv1.2, and Kv2.2 was determined by Western blot analysis using fractionated protein. We found that Kv1.1 was localized in the nuclear fraction in the A549 and MCF7 cells but appeared to be localized mainly in the membrane in SNU-484 cells. Kv1.2 was localized only in the membrane fraction in the A549 and MCF7 cells but was expressed both in the membrane and in the nuclear fraction in SNU-484 cells. Kv2.2 was localized both in the membrane and nuclear fraction in A549, MCF7, and SNU-484 cells (Fig. 7) .
DISCUSSION
K ϩ selective ion channels have been previously identified in the nucleus of a variety of cell types (18, 30 -32) . In addition, Ca 2ϩ -dependent (18) or independent (31) K ϩ channel activities were observed in the nucleus of pancreatic acinar cells and rat brain, respectively, and functional K ATP channels were previously identified in the nuclear membrane of pancreatic cells (12) . Nuclear Kv channel immunoreactivity has also been reported in the paraventricular nucleus projecting into the rostral ventrolateral medulla (33) . Recently, eag I channels were found to be localized on the nuclear membrane of Kv10.1transfected cells, MCF7 cells, and rat cerebellum and hippocampus (34) . Interestingly, Mazzanti et al. (35) suggested that nuclear pores may be K ϩ selective and that K ϩ channels might form part of the nuclear pore, which provides a conductive pathway between nuclear membranes. In our study, Kv1.3 was localized in the nucleus of human cancer cells. We also confirmed that Jurkat cells express Kv1.3 channels in the plasma and in the mitochondria membrane, in addition to the nucleus region, similar to that reported in a previous study (26) .
A previous study (36) showed that Kv1.3 channel was detected by immunoprecipitation in the synaptic plasma membrane from human cerebral cortical gray matter. However, Coleman et al. (36) also described that Kv1.3 is expressed at low levels in the synaptic plasma membrane compared with other Kv channel subunits. Thus, based on the previous observations and the results of the present study, Kv1.3 channels appear to exhibit greater expression in the nucleus of human brain tissues compared with the plasma membrane.
Our search using the PredictNLS algorithm indicated that known nuclear localization signal sequences were not present in Kv1.3 channels. Thus, Kv1.3 channels may contain an nuclear localization signal that has not been previously described. It is worth noting that Kv1.3 channels contain a PDZ domain at the end of the C-terminal sequence (37) and could potentially affect the localization of the channel and allow for interactions with signaling molecules within the nucleus. It has been suggested that alternative splicing or post-translational protein modifications (38) could influence the localization of proteins.
Although potassium channels are known to be located in the nucleus (12) (13) (14) 18) , little is known about the function of the nuclear channel. Therefore, we examined the roles of nuclear Kv1.3. Blockade of the Kv1.3 channel activity resulted in phosphorylation of CREB, an important transcriptional activator, in the nuclei of A549 cells. Similar to our findings, blockers of the K ATP channel in pancreatic beta cells and 4-aminopyridine, a nonselective voltage-gated K ϩ channel blocker, in vascular smooth muscle myocytes induced phosphorylation of CREB by increasing the Ca 2ϩ concentration in the nucleus (12, 39) . CREB phosphorylation is known to be related to cell survival and tumorigenesis in lung cancer and to cell cycle arrest in macrophages (40 -42) .
Along with CREB, c-Fos was found to be increased by PAP-1 in A549 cells. The c-Fos proto-oncoprotein is a primary component of the activator protein-1 transcription factor complex that is known to be involved in cell growth, differentiation, and the G 0 /G 1 transition (43) (44) (45) . It has been reported that rat-1 fibroblast and primitive hematopoietic stem cells overexpressing c-Fos inhibit cell cycle progression at the G 0 /G 1 boundary as a result of down-regulated cell cycleassociated proteins (42, 43) . This observation corresponds with our previous report showing that silencing Kv1.3 expression or inhibiting channel activity with MgTX induces anti-proliferative effects through inhibition of the G 1 -S tran-sition (19) . Previously, it has been reported that MgTX treatment leads to increased c-Fos mRNA transcription and protein in the rat striatum, which triggers long term neuronal plasticity (46) . These results along with data from the present study strongly suggest that ion channels such as Kv1.3 located in the nucleus can influence the regulation of gene expression by modulating the activation of certain transcription factors including CREB and c-Fos.
Kv1.3 channels interact with other proteins through the protein-interaction domain. The PDZ domain in the plasma membrane and mitochondrial Kv1.3 bind to apoptotic protein BAX (9, 11) . Therefore, to investigate whether the Kv1.3 channel interacts with nuclear proteins, we used a protein binding assay with nuclear extracts. The results show that nuclear Kv1.3 channel binds to the UBF1 transcription factor, which participates in RNA polymerase I activity, mediating ribosomal RNA synthesis. It was reported that the NR1 subunit of the N-methyl-D-aspartate receptor was found in the nucleoli of hydra cells, which could serve as a regulator for ribosomal subunit production (47) . Therefore, nuclear Kv1.3 channels appear to play the Nuclear Kv1.3 Channels role of regulators in ribosome biogenesis, although this possibility needs to be studied further.
As part of the present study, we investigated the regulation of nuclear Kv1.3 channel expression in A549 cells by identifying the transcription factor that mediates the Kv1.3 gene transcrip-tion. The Kv1.3 gene has been reported to have GC-rich and TATA-less promoter regions (29) . Previous studies have shown that the transcription factor, Sp1, notably binds to GC-rich motifs but also regulates the transcription of other Kv channel genes such as Kv1.5 (48) and Kv4.3 (49) . We showed that Sp1 affects Kv1.3 expression through interaction with the Kv1.3 promoter and that silencing Sp1 expression using siRNAs or the Sp1 blocker, mithramycin A, reduces Kv1.3 channel expression in the nucleus. Moreover, treatment with mithramycin A reduced levels of the Sp1 protein and inhibited nuclear hyperpolarization and phosphorylation of CREB induced by Kv1.3 blockers. This is the first report demonstrating that Sp1 plays a crucial role in Kv1.3 gene expression.
The physiological and pathophysiological significance of nuclear Kv channels remains to be determined. One possibility is that nuclear Kv channels may regulate the nuclear membrane potential (35, 50) , which may subsequently control the activity of other ion channels within the nuclear membrane (51) . Another possible role for nuclear Kv channels is the regulation of cell proliferation and apoptosis of cancer cells. Kv channels are an emerging target for anti-cancer therapy because several Kv channels have been reported as regulators of cancer cell proliferation. However, the mechanism is unclear. As reported previously (52) , the K ϩ current flowing across Kv channels in the nucleus can be closely associated with cancer cell progression through regulatory signaling such as multifunctional CREB or c-Fos transcription factors.
These novel signaling mechanisms linking ion channels and gene expression in the nucleus may not be limited to cancer cells. Nuclear Kv1.3 channels are also observed in human brain tissues where their function may be important in determining neuronal morphology, synaptic plasticity, and neuroprotection, which are also regulated by CREB and c-Fos (53) (54) (55) .
In addition, we also found that Kv1.1, Kv1.2, and Kv2.2 were localized in nuclear fraction. Therefore, nuclear localization of Kv1.3 is not a specific phenomenon for Kv1.3, and it is possible the Kv channel subunits are localized in different intracellular organelles or in the plasma membrane, depending on the Kv subunits. The localization of Kv channels in specific regions of the cells and their functional consequences need to be further examined.
In conclusion, we suggest that Kv1.3 channels are localized in the nuclei of several types of human cancer cells and human brain tissues. Kv1.3 channels are capable of participating in the regulation of nuclear membrane potential and selective inhibition of nuclear Kv1.3 channel activity, which in turn can trigger gene expression by activating specific transcription factors, including pCREB and c-Fos. Furthermore, nuclear Kv1.3 channels interact with the UBF1 protein, and expression of nuclear Kv1.1 was localized in the nuclear fraction in MCF7 cells (n ϭ 2) and A549 cells (n ϭ 2); however, it was mainly localized in the membrane fraction in SNU-484 cells (n ϭ 2). Kv1.2 was only localized in the membrane fraction in MCF7 (n ϭ 2), A549 cells (n ϭ 2) but was expressed both in the membrane and in the nuclear fraction in SNU-484 cells (n ϭ 4). Kv2.2 was localized both in the membrane and nuclear fraction in A549 (n ϭ 2), MCF7 (n ϭ 3) and SNU-484 cells (n ϭ 2). The specificity of the fractionation process was confirmed using Na,K-ATPase, a marker of membrane and lamin A, a marker for the nucleus. Lanes C, cytosol; lanes M, membrane; lanes N, nucleus. MAY 15, 2015 • VOLUME 290 • NUMBER 20
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Kv1.3 is controlled by Sp1, a transcription factor that directly binds to the Kv1.3 promoter. The results of this study provide biochemical and functional characteristics of nuclear Kv1.3 channels, and these properties could be related to the recently revealed role of Kv channels in proliferation, apoptosis, and differentiation, thus expanding our knowledge about the function of ion channels within the nucleus.
